Ghrelin (Grln) is a peptide hormone that is predominantly produced in the stomach and stimulates appetite and induces Growth Hormone (GH) release. We have previously reported that ghrelin is also expressed in T cells and exerts pro-thymic and antiinflammatory effects. However, the biological relevance of T-cell derived ghrelin remains to be determined. Here, we report that acylated-bioactive ghrelin is expressed in human T cells and preferentially segregates within the lipid raft domains upon TCR ligation. The RNA interference (RNAi) mediated down regulation of ghrelin in primary human T cells activates IkB, increases Th1 cytokines and IL-17 secretion. Ghrelin expression declines with increasing age in spleen and T cells and exogenous ghrelin administration in old mice reduces pro-inflammatory cytokines. These findings demonstrate that ghrelin functions in an autocrine and paracrine capacity to regulate proinflammatory cytokine expression in human and murine T cells and may contribute in regulating 'inflamm-aging'.
Introduction
Ghrelin, originally thought to be stimulator of GH axis (1) and food intake (2) also exerts potent inhibitory effects on pro-inflammatory mediators via its action on T cells, monocytes (3, 4, 5) and endothelial cells (6) . Recent evidence suggests that leptin which inhibits food intake (7) can promote inflammation (3, 8) and is also produced from T cells (8, 9) . Interestingly, leptin neutralization in T cells with monoclonal antibodies promotes Treg proliferation (9) and protects against experimental autoimmune encephalomyelitis (EAE) (8) .
Many previous reports suggest that apart from cytokines and chemokine, T cells may also express certain hormones (10, 11) . Emerging evidence supports this long held view that ligands and receptors of neuro-endocrine origin may also directly regulate immune function (3, 9) . We have recently shown that ghrelin is also expressed and secreted by T cells (3) and its expression declines in the thymus with age (12) . In addition, mice with ablation of ghrelin and ghrelin-receptor (GHSR) display accelerated thymic involution while ghrelin supplementation promotes thymopoiesis in aged mice (12) and protects against sepsis (3) . In this study, we tested the hypothesis that the bioactive ghrelin within T cells serves as a regulator of proinflammatory cytokines and investigated whether T cell-expressed ghrelin is functionally significant. 
Materials/Methods

Human Subjects and T cell isolation
Pheresis packs were prepared from six healthy male donors between the age of 30 and 45 years age and T cells were isolated as described previously (3) . For primary T cells, leukapheresis packs were acquired from healthy human volunteers who provided informed consent according to the Declaration of Helsinki.
Mice and ghrelin infusions
Balb/c mice were maintained under the specific pathogen-free conditions of the National Institute on Aging (NIA) animal facility using protocols approved by the animal care and use committee of the NIA Intramural Research Program located in Baltimore, Maryland, USA. We utilized 20-24 month-old mice for ghrelin infusions using osmotic minipumps as described previously (12) .
Transfections and T cell culture
Primary human T cells were transfected with control and ghrelin specific siRNAs (Dharmacon) using electroporation (Amaxa Biosystems) as described previously (13) .
The transfected cells were cultured in RPMI-1640 medium with 10%FCS for 48 hours and washed and transferred to anti-CD3/28 coated plates and cultured for 24hours in AIM-V serum free medium (3).
Lipid raft isolation and western blot
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From Lipid rafts were isolated from primary T cells and dot blot was performed as described previously (13) . The control and ghrelin siRNA transfected T cells were lysed in RIPA buffer and used for western blot as previously described (13, 14) . The acyl ghrelin antibody was from Linco and pIkB and IkB antibodies were from Cell Signaling and Santa Cruz Biotechnology.
Cytokine and ghrelin estimations
The cytokines were analyzed using multi-plex bead based assays according to manufacturer's instructions (Biorad Laboratories) and ghrelin was measured using ELISA (Phoenix Pharmaceuticals).
Real time PCR, Flow Cytometry and immunofluorescence microscopy
The total RNA was extracted from 4-6 spleens from each age group and used for realtime PCR analysis. The RT-PCR, cellular staining and FACS analysis was performed as described previously (3, 12, 14) .
Statistics
The results are expressed as the mean ± SEM. The differences between the means and the effects of treatments were determined by one-way ANOVA using Tukey's test, which protects the significance (P < 0.05) of all pair combinations.
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Results/Discussion
Ghrelin expression and function in human T cells
Ghrelin is a 28 amino acid acylated peptide which is predominantly produced from gut but is also known to be widely expressed in various cell and tissue subtypes including immune cells (3, 12, 15, 16) . Given that exogenous ghrelin regulates T cell function (3, 5, 12) , we sought to determine whether T cell expressed ghrelin is functionally significant.
Human T cells constitutively expressed acylated ghrelin with cytoplasmic as well as membrane localization ( Figure 1A ). The non-acylated or des-acyl form of ghrelin circulates in 3-5 times higher concentrations than the bioactive acylated ghrelin peptide (17) . Presence of acylated ghrelin in T cells clearly suggests a potential functional role of this peptide. We next quantified the acylated ghrelin expression by FACS and observed that greater than 70% of the human T cells express active ghrelin protein ( Figure 1B ).
The acylated ghrelin was found to localize in lipid raft domains in activated T cells ( Figure 1C, D) . Quantitation of ghrelin in subcellular compartment of T cells by ELISA revealed that compared to cytoplasmic fractions, significantly higher concentration (P<0.05) of ghrelin was detected in lipid rafts ( Figure 1E ). Our present findings suggest that acylated ghrelin may efficiently interact with GHSR within lipid rafts upon TCR ligation (3). Acylated proteins have a proclivity to localize in sphingolipid rich membrane micro-domains (18) , hence it is likely that unique acyl moiety in ghrelin may promote its trafficking to lipid rafts.
We next examined the functional relevance of ghrelin expression in T cells using RNA interference. We observed that compared to control scrambled siRNA sequences, the Given that NFkB is a key transcription factor important for regulation of inflammation These data suggest that T cell-derived ghrelin may play a key role in regulating the basal and activation induced pro-inflammatory cytokine secretion.
Age-related reduction in ghrelin expression and inflammation
We have recently reported that although circulating ghrelin levels are not significantly reduced in 10 month old mice, caloric restriction a pro-longevity intervention enhances For personal use only. on October 24, 2017. by guest www.bloodjournal.org From 8 ghrelin levels in middle-aged animals (20) . Interestingly, intra-thymic ghrelin expression declines with age and is associated with age-related thymic involution (12) . Thus the reduction of T cell derived ghrelin in a tissue microenvironment may play a role in regulating the inflammatory cytokines. We observed that quite similar to thymus (12), ghrelin and GHSR mRNA expression increases at 4 months and then progressively declines with age (Figure 2A-C) . Given that RNAi mediated reduction of ghrelin in T cells resulted in an increase in pro-inflammatory cytokines, we hypothesized that ghrelin infusion in aging may reduce the proinflammatory mediators. Ghrelin was infused in the old mice using subcutaneously implanted osmotic minipumps for a period of 2 weeks.
Compared to sham infused mice, ghrelin led to a significant reduction in IL-6, TNF-α, IL-1β, KC, GMCSF, IL-12 and IL-17 in the serum of aging mice.
Taken together, our results suggest that ghrelin expression in T cells plays an important role in inhibiting pro-inflammatory cytokines. These observations raise the possibility that ghrelin expression in tissue microenvironments may regulate local inflammatory state. Given that ghrelin inhibits inflammation, increases food intake and promotes thymic function, our findings suggests that synthetic ghrelin agonists may have potential therapeutic value in age-related inflammatory diseases. mice. In all cases, the differences between sham control and ghrelin-treated mice were significantly different (p<0.05). In contrast to the studies by Xia and colleagues (21), we failed to observe any inhibition of T cell proliferation or alterations in T-cell viability in
